common to all members of the CDC family of toxins.
These data therefore provide novel insights into how these toxins interact with the membrane and construct a transmembrane pore.
Results

Experimental Approach and Background
To determine directly the environment of a particular amino acid side chain in membrane-bound PFO oligomers, that residue is replaced by a cysteine and covalently modified to attach a 7-nitrobenz-2-oxa-1,3-diazolyl (NBD) dye to the sulfhydryl group of the cysteine (Shepard et al., 1998). This approach requires an otherwise cysteinefree protein, and hence we use a PFO derivative in which the single natural Cys (C459) was replaced by Ala without altering the functionality of the protein. The spectral properties of the NBD-labeled PFO are then determined before and after it is bound to membranes. NBD was chosen as the fluorescent probe in this study because its emission intensity and lifetime both increase substantially upon moving from an aqueous solvent into the hydrophobic interior of the bilayer (Crowley et al., 1993 (Crowley et al., , 1994 Shepard et al., 1998) . By using this water-sensitive fluorescent dye to detect an alternating pattern of aqueous (facing the pore) and nonaqueous (facing the nonpolar core of the bilayer) environments of amino acid side chains in the membrane-bound toxin, we previously showed that residues S190-N217 of PFO (here designated transmembrane hairpin 1 or TMH1) form an amphipathic ␤ hairpin at the bilayer (Shepard et al., 1998). If this membrane-interacting domain had been an amphi- 
KNTDIKNSQQYKD. This region would not normally be
The residue number of every fifth amino acid in the TMH2 sequence predicted to be capable of forming a membrane-associis shown on the X axis. ND, not determined. ated ␤ hairpin based on the primary sequence because the middle of the second strand of the putative amphipathic hairpin (T 301 DIKNSQQYK) contains two polar resiof the resulting 23 singly labeled PFO derivatives bedues, N305 and Q307, that are predicted to be buried tween residues K288 and D311 (D289 was not mutated) in the membrane. However, a preliminary analysis identiretained Ͼ70% of the wild-type hemolytic activity after fied a membrane-dependent change in the fluorescence being labeled with NBD (data not shown). Three mutants intensity of the NBD-labeled I303C PFO mutant that (NBD-labeled T301C, D302C, and D311C) exhibited acsuggested that this residue was moving into a nonpolar tivities ranging between 47% and 60% that of wild-type environment. We therefore began a detailed examina-PFO. Two residues, V290 and A293, exhibited Յ10% of tion of this region to determine whether it is also inserted the wild-type activity after labeling with NBD, while the into the bilayer.
F294C and S306C mutants were inactive or unstable in their unlabeled form. Interestingly, V290, A293, and F294 are the only residues in TMH2 that are completely conSite-Specific Mutation and NBD Labeling of Residues K288-D311 served among the sequenced CDCs. Hence, our inability to generate stable and/or active NBD-labeled derivaThe residues in the putative TMH2 were substituted, one-at-a-time, with cysteine and modified with a sulfhytives with cysteine at those locations suggests that certain perturbations at these sites are not well tolerated. dryl-specific iodoacetamide derivative of NBD. Sixteen
Membrane-Dependent Fluorescence Intensity
In each case, the shorter ‫1ف(‬ ns) predominated (Ͼ80% of the NBD dyes had this ), thereby revealing that the Changes of Probes in TMH2 When the NBD fluorescence intensity of a particular probes were exposed to water because the ranged between 0.4 ns and 1.2 ns ( Figure 1B ). This is consistent membrane-bound PFO-mutant (F memb ) was compared to its intensity as a soluble monomer (F soluble ), a pattern with the observation that the three ␣ helices that comprise TMH2 are largely solvent exposed in the crystal of alternating small and moderate-to-large membranedependent intensity changes was observed. These instructure of the monomer ( Figure 4A ). The origin of the observed second minor component of the lifetime data tensity changes ( Figure 1A ) are consistent with this stretch of PFO forming an amphipathic ␤ hairpin at a is not clear, but the longer ‫3ف(‬ ns) suggests that the second environment has some nonpolar character. The bilayer interface when PFO binds to cholesterol-containing liposomes. Since the alternating pattern changed fact that each mutant exhibits two lifetimes indicates to us that each NBD probe in TMH2 exists in two states phase (even-numbered residues facing the channel to odd-numbered residues facing the channel) between in the monomer, possibly because TMH2 is structurally dynamic in the monomer. Such conformational flexibility amino acids I298 and K299, the hairpin turn appears to occur near this location.
would not be surprising since this portion of the protein must undergo a major structural change when conHowever, intensity changes do not unambiguously identify the environment of the probes following memfronted with a cholesterol-containing membrane (see below). The lifetime data are also fully consistent with the intentants were analyzed to assess the probe's environment sity data in Figure 1A . The TMH2 polypeptide is therefore before and after the toxin had bound to cholesterolin a ␤ sheet conformation in membrane-bound PFO. containing liposomes. Since the NBD dye has a fluoresIt is clear from the lifetime and intensity data that oddcence lifetime () of ‫1ف‬ ns in an aqueous milieu and 6-8 numbered residues at position 299 and above are in a ns when in the hydrophobic core of the bilayer (Crowley nonpolar milieu, while even-numbered residues at 298 et al., 1993; Shepard et al., 1998), analysis not only and below are also in a nonpolar milieu. This change in reveals the nature of the NBD environment(s), but also phase between residues 298 and 299 indicates a break reveals the fraction of dyes in each environment (i.e., in the secondary structure pattern and identifies the sample heterogeneity). We chose to examine single-site location of the turn in the ␤ hairpin loop formed by TMH2. mutants between residues 295 and 305 because these The exact position of the hairpin turn is ambiguous besites were located on both sides of the predicted hairpin cause the alternating ␤ sheet pattern is maintained with and included potential turn residues, 297-300. We also a turn at residues 298-299, 299-300, or 297-298. Alexamined the value of an NBD dye in place of residue though the fluorescence data cannot distinguish unam-K288 since this residue lies near the other end of the biguously between these possibilities, residues 299 and putative ␤ hairpin. 300 are most likely positioned at the turn because this In this study, each membrane-bound NBD-labeled placement would not require any rearrangement of hymutant had a single NBD fluorescence because the drogen bonds in forming an extended ␤ sheet hairpin measured phase and modulation data were best fit (i.e., that would include the core ␤ sheet of domain 3 (see had the lowest 2 ) by a simple Lorentzian distribution below). with a small (typically Յ3%) light scattering component.
Although not all of the residues in TMH2 were subIf we assumed that the samples contained NBD dyes in jected to the more rigorous fluorescence lifetime analytwo different environments with different values, the sis, the lifetime data unambiguously show that amino fit did not significantly improve whether or not light scatacids along the sequence of TMH2 alternate between tering was included. Thus, our membrane-bound sambeing in a hydrophilic and a hydrophobic environment. ples were homogeneous, and essentially all of the NBD Since the same amphipathic pattern was obtained from probes in a particular sample were in the same environthe intensity data, it appears that amino acids between ment (i.e., aqueous or nonaqueous).
residues 288 and 311 of the PFO polypeptide form an In contrast, the lowest 2 values were obtained with antiparallel ␤ sheet conformation at the membrane, with the soluble monomer by assuming that the phase and one side of the ␤ sheet facing the aqueous solvent and modulation data were generated by NBD dyes in two different environments (i.e., with two discrete values).
the other facing either the bilayer or the protein. 
